Abstract-As mobile terminals are powered by a finite battery source, energy constraints play a major role in the design of wireless communications systems. In this letter, based on a general analytical framework, we study the energy efficiency of a class of multiple access schemes, using the average number of correctly transmitted packets for a given amount of allocated energy as an appropriate metric. We show that a good choice of the protocol rules can significantly improve the energy efficiency.
energy efficiency (as defined in [2] ) is used here as a more appropriate metric than just battery life. As a simple example of application, we compare various versions of a specific media access protocol and are able to assess the relative advantages of each version depending on the parameters that characterize the wireless channel.
II. ENERGY EFFICIENCY ANALYSIS
In an energy constrained environment, when the channel is bad over a long period of time, continued transmission of data packets in a message or repeated transmission of data packets until success may lead to wasted energy due to many unsuccessful data packet transmissions. On the other hand, in the presence of a rapidly fading channel, error recovery through retransmission may prove to be beneficial. In order to compare the energy performance of the various protocols under different fading scenarios using a unified metric, we study the energy efficiency of a protocol, which was introduced in [2] as (1) We assume here that the protocol evolution can be tracked by means of a Markov chain with finite state space For example, this is the case for a protocol with finite-state machine in the presence of Markovian errors, a situation which is a good approximation of reality in a number of situations [6] , [7] . By appropriately defining metrics on the transitions of this chain, renewal reward analysis allows to compute throughput and energy performance [2] , [8] .
Let be the transition probability from state to state and let be the steady-state probability of the chain being in state It is possible to define various semi-Markov processes in which this Markov chain is embedded [8] . In general, consider two reward functions, and where are quantities associated with transition and let be the cumulative values of those functions, i.e., the total reward earned through the system evolution in the time interval From renewal theory [9] , we have the following fundamental result: (2) which can be easily computed for a number of cases of interest. For example, let and be the average number of successfully received packets, amount of consumed energy, and time delay associated with transition Then, if evaluation of (2) On the other hand, the choice and yields the energy efficiency of the protocol. Therefore, once the Markov chain for the protocol evolution has been found, all the relevant performance metrics can be easily computed from the above.
III. EXAMPLE OF APPLICATION
The access protocol considered in this letter can be viewed as a hybrid protocol employing the slotted ALOHA and reservation concepts (a detailed description of the protocol can be found in [10] ). Before transmission of a message, a header packet is sent on a contention basis. The base station notifies mobiles about the current channel reservation status by broadcasting a busy/idle flag, which indicates that the channel is reserved if busy and that the channel is available for contention if idle. A more articulated feedback information may be needed for proper protocol operation, especially if the capture effect is exploited (see [10] for details).
In the basic protocol, following a header packet success, all data packets in the message are continuously sent regardless of whether the data packets are received correctly or not. The recovery of such data packet errors is left to the higher layer protocols. The error-detect (ED) protocol reacts to data packet errors by aborting the ongoing message transmission (thereby releasing the channel to other users), and yields better throughput when the channel fading is highly correlated. The retransmission protocol, on the other hand, tries to recover erroneous data packets by adopting a "persist-until-success" retransmission strategy, and provides better throughput compared to basic and ED protocols under fast fading conditions. Detailed throughput and delay performance analyzes of these protocols can be found in [10] , [11] . The focus of this contribution is rather on the energy efficiency performance which, even though mostly overlooked in the literature, is crucial in a mobile radio environment.
In order to adequately track the protocol evolution over a channel characterized by Markovian packet error process [6] , [7] and instantaneous and error-free feedback, the following five states are sufficient: 1) idle; 2) header packet success; 3) header packet failure; 4) data packet success; and 5) data packet failure.
Let be the number of users and let be the message generation probability of each user in each slot. Also, let and be the conditional probabilities of a packet success in slot given a success in slot and of a packet failure in slot given a failure in slot respectively, so that is the average packet error rate [10] . Consider the basic protocol. If slot is idle or contains a header failure, an idle flag will be transmitted at the beginning of slot and no data packet transmission can occur in slot . Assuming no capture in header packet transmission, the system state in slot will be idle with probability (no arrivals), header packet success with probability (one arrival and packet success), or header packet failure with probability otherwise. If a header success occurred in 1 Ergodicity of all processes involved will be assumed throughout.
slot then slot will be reserved for data transmission, which will be a success or a failure with probability and respectively. Finally, if a data packet transmission occurred in slot then the message will end or continue with probability and respectively (i.e., geometic distribution with mean is assumed for the message length). In the former case, transitions will occur as from the idle state. In the latter case, the next packet transmission will be successful or unsuccessful according to the channel transition probabilities, and The transition probability matrix for the basic protocol can then be written as (3) The transition matrices of the ED and the retransmission protocols are identical to (3), except for the last row. In the ED protocol, the slot after a data packet failure is made available for contention, and therefore the fifth row of the matrix is the same as the first row. In the retransmission protocol, a data packet failure is always followed by its retransmission so that the last row of the matrix is to be changed to
In all cases, only visits to state 4 correspond to successful transmissions, so that and . 2 A busy flag corresponds to a single packet transmission (the channel is reserved), whereas an idle flag corresponds to a contention slot with an average number of transmissions equal to . Therefore, since a busy flag will result in the system being in state 4 or 5 and an idle flag will result in the system being in state 1, 2, or 3, we can assign the energy consumption metrics: and Finally, since the model tracks the slot-by-slot evolution of the protocol, we have for the delay metrics for all The energy efficiency of different protocols is the calculated by using the appropriate transition matrix in (2). Figs. 1 and 2 show the energy efficiency as a function of the achievable throughput for the different versions of the access protocol. The parameters considered in the plots are: number of mobiles fading margin dB, no capture, average message length 10 packets. Each curve is generated by varying the arrival rate, Fig. 1 gives the performance when the fading process is slow, i.e., the normalized Doppler frequency Fig. 2 gives the results when the fading is fast, i.e.,
The relationship between the physical channel parameters and and the Markov parameters of the packet error process is detailed in [6] . Note that at a carrier frequency of 900 MHz and a packet duration of 10 ms, the values of 0.02 and 0.64 correspond to mobile user speeds of about 2.5 km/h (e.g., pedestrian user) and 80 km/h (e.g., vehicular user), respectively. The figures show that for very small arrival rate the throughput goes to zero whereas the energy efficiency is maximum (no collisions). As is increased, corresponding to traveling clockwise along the curves, the energy efficiency is degraded, whereas throughput increases up to some optimal value of (equal to as discussed in [10] ), after which it decreases due to too many collisions. The knee of the curves is the desired operating point for the system, and it is seen from Fig. 1 that for slow fading the ED protocol has the best throughput and energy efficiency, whereas the worst performance is achieved by the retransmission protocol. This was to be expected, since, in the presence of significant correlation between successive errors, aborting the transmission may be the best thing to do. For example, if the average length of an error burst is comparable to the average message length, completing the message transmission after an error may lead to unsuccessful transmissions with consequent waste of bandwidth and energy. Insisting on retransmission is the worst thing to do in this case. On the other hand, when the packet errors are almost independent, a single retransmission may lead to successful message completion, whereas the ED strategy may unnecessarily abort messages. In this case, as illustrated in Fig. 2 , the retransmission protocol shows the best performance, and the ED protocol the worst. Therefore, we may conclude that the ED protocol is energy efficient for pedestrian user speeds, whereas the retransmission protocol is more efficient for vehicular user speeds.
As a refinement to the ED and the retransmission protocols, instead of terminating the data transmission at the first instance of a data packet failure (as in the ED protocol), or repeatedly sending a data packet until success (as in the retransmission protocol), the base station could allow the mobile to resend a lost data packet only up to a certain number of times (defined as a parameter, after which the mobile is asked to abort the data transmission. This is a generalized form of the protocol, which includes ED and retransmission as special cases.
In Fig. 3 , the energy efficiency curves, for the maximum throughput performance point corresponding to are plotted for the parameterized retransmission strategy as a function of Note that this figure is the same as given in [10] for the throughput performance, since in this case where we have for all and throughput and energy efficiency coincide. The energy efficiency performance of the ED protocol is best when the fading is slow, and worst when fading is fast. Under fast fading conditions, the energy efficiency improves significantly compared to the ED protocol even if only few retransmission attempts are allowed. Even in slow fading, the parameterized retransmission strategy performs well, close to the ED protocol's performance which is best in this case. In summary, from an energy consumption point of view, a protocol which allows a limited number of retransmission attempts results in good energy efficiency performance over a range of normalized Doppler frequencies (or equivalently, mobile user speeds) of interest. For example, the curve for is very close to the envelope of all curves in Fig. 3 , and can be seen as a reasonable compromise.
